Intracellular protein degradation plays an important role in maintaining the stoichiometry of the different subunits of an oligomeric enzyme. In a Saccharomyces cerevisiae mutant defective in cytochrome c oxidase subunit 4 encoded in nuclear DNA, mitochondrial encoded subunits 2 and 3 cannot assemble normally [Dowhan et al. (1985) EMBO J. 4,179 184]. In this study, we show that those unassembled forms of subunits 2 and 3 in this strain are eliminated rapidly by degradation. Reduction of the intracellular ATP level by inhibiting the glycolytic pathway, or inhibition of the entry of ATP into mitochondria by bongkrekic acid, both of which are expected to reduce the intramitochondrial ATP level in respiratory-deficient cells such as WD 1, significantly suppressed the degradation, suggest ing that the degradation requires intramitochondrial ATP. The degradation was also inhibited by o-phenanthroline, a membrane-permeable metal chelator, and this inhibitory effect was suppressed by addition of an excess amount of Cot+, Mull, or Zn2+, but not by Ca" or Mgt+, suggesting a novel metal dependence of the degradation of unassembled Cox II and Cox III which has not been reported previously for mitochondria) metabolic protein degradation systems. A potential advantage of using this strain for identifying the factor(s) involved by a genetical approach is discussed.
A role of intracellular protein degradation in maintaining stoichiometry among different subunits of a heterooligo meric enzyme by eliminating unassembled subunits has been suggested (1) . An example of such enzymes is the mitochondrial respiratory chain enzyme complexes. Most of them consist of several subunits encoded by either nuclear or mitochondrial DNA. For example, in Sacchar omyces cerevisiae, cytochrome c oxidase, the terminal electron acceptor of the respiratory chain, consists of at least eleven subunits (2, 3) . Three larger subunits, Cox I, II, and III, are encoded by mitochondrial DNA and synthe sized in mitochondria, while the other smaller subunits are encoded by nuclear DNA, translated in cytosol, and import ed into mitochondria where all of the subunits are assem bled to form mature cytochrome c oxidase complex (4, 5) . For the maintenance of the stoichiometry among those different subunits, the level of each subunit needs to be tightly regulated. Though such regulation can be partly achieved by controlling the synthesis rates, finer regula tions are possible by removing excess unassembled sub units. Thus, the mitochondrial protein degradation system is expected to play important roles in the biosynthesis of enzymes such as cytochrome c oxidase.
Two approaches have been taken for elucidating the mitochondrial protein degradation system responsible for degrading such unassembled subunits. First, degradation of mitochondrially translated polypeptides in isolated mito chondria was examined by observing release of TCA soluble radioactivity during the incubation of isolated mitochondria whose translation products were specifically radio-labeled. Such studies have revealed the existence of an ATP-dependent proteolytic activity in mitochondria of yeast (6) or rat liver (7) . However, when studying the degradation of unassembled subunits, it is difficult to assess the extent of the degradation, because a part of the degraded subunits can be assembled normally. Moreover, identification of the factor(s) involved in this degradation system using such radio-labeled polypeptides as substrates has not been reported, possibly because most of such polypeptides are membrane-bound and so difficult to deal with biochemically. Second, exogenous proteinous or syn thetic substrates have been used for purifying mitochon drial proteases. Such efforts resulted in the purification of ATP-dependent soluble proteases by several groups from mitochondrial matrix fractions of rat liver (8) , bovine adrenal cortex (9) , and wild-type yeast (10) . However, at present, no direct evidence is available to show that unassembled mitochondrial translated polypeptides, espe cially those localized in mitochondrial inner membrane, are degraded by those soluble proteases either in isolated mitochondria or in living cells. Physiological substrates of these proteases are currently unknown, except for the enzyme of adrenal cortex for which candidate physiological substrates have been suggested (11 factors working on substrates, are involved (12) . For identifying such factors involved in the mitochondrial degradation of unassembled subunits, a genetic approach using the yeast system should be effective. However, to isolate mutants defective in the mitochondrial degradation of unassembled mitochondrial-translated polypeptides, strains or conditions in which one or several of such polypeptides cannot assemble and are degraded rapidly are required. As a first step in such an approach, in this study, we show that a strain lacking Cox IV, one of the nuclear encoded subunits of cytochrome c oxidase, which has been reported to be incapable of assembling the active enzyme (13) , is suitable for such a purpose. In this strain, mitochon drial-encoded Cox II and Cox III are degraded rapidly as compared to those in a strain possessing normal Cox IV in vivo. This in vivo degradation is significantly suppressed by treatments reducing intracellular ATP level, suggesting an ATP-dependence of this protein degradation system. Moreover, the results of experiments using o-phenanthro line suggested a novel divalent-metal ion requirement of this in vivo degradation which has not been observed for the matrix ATP-dependent proteases reported previously, implying that some factor(s) other than or in addition to the matrix ATP-dependent protease is involved in the initial step of the degradation of unassembled Cox II and Cox III.
MATERIALS AND METHODS
Yeast Strains and Growth-Saccharomyces cerevisiae haploid strain DL 1 (a his3-, leu2-, ura3-) and its Cox IV deficient derivative WD 1 (a his3-, leu2-, ura3-, cox IV-::LEU2) (13) were kindly provided by G. Schatz (Basel, Switzerland). Yeast cells were grown at 30°C in YPD medium containing 1% yeast extract (Difco), 2% peptone (Difco), and 2% glucose until the early stationary phase (about 290 Klett units).
Pulse Radio-Labeling of Yeast Cells-Early stationary phase cells were harvested by centrifugation, washed once with distilled water and resuspended in an equal volume of labeling medium containing 2% glucose and SFS (2.9 mM MgC12, 7.3 mM KH2PO4, 8.6 mM NaCI, 3.6 mM CaC12, and 18.0 mM NH*C1). Cycloheximide was added to a final concentration of 1 mg/ml, and the cell suspension was incubated for 5 min at 30°C. Cells were radio-labeled by incubating in the presence of 50 pCi/ml [35S]methionine (> 1,000 Ci/mmol, Amersham) for 30 min at 30°C.
Protein Extraction -Samples were made up to 10% TCA, washed once and resuspended in 140 /11 of distilled water. Cell walls were disrupted by vortexing the cell suspension at maximum speed for 1 min with 300 ,u l of glass beads. Proteins were solubilized by incubating the disrupted cells in 2% SDS for 30 min at room temperature. After centri fugation the supernatants were processed for electropho resis or for immunoprecipitation.
ATP Assay-A portion of cell culture was taken and 100% TCA stock solution was added immediately to a final concentration of 10%. Cell debris was removed by centri fugation, then the supernatant was extracted three times with diethyl ether to remove TCA and diluted with 40 mM HEPES (pH 7.6), and ATP was estimated with a luciferin luciferase system kit (Boehringer Mannheim) using a Biocounter M2010 (Lumac BV).
Miscellaneous-Cox III was purified electrophoretically from yeast cytochrome c oxidase prepared according to the published method (14) and used for immunizing rabbits. Immunoprecipitation was carried out according to the published method (15). SDS-PAGE was carried out as described (16) using 10-15 or 12.5% polyacrylamide gels. Radio-labeled proteins were detected fluorographically and analyzed quantitatively with the NIH Image program for Macintosh computers (by W. Rasband) after the images of the fluorograms were captured in the computer by using a GT-8000 (EPSON, Tokyo), except for the immunoprecipi tated polypeptides, which we analyzed using a BAS 2000 Bio-Image Analyzer (Fuji Photo Film, Tokyo). Total cellu lar proteins were estimated according to the published method (17) after proteins had been extracted by disrupt. ing the cells with glass beads and incubating them in the presence of 1.3% SDS. Cell debris was removed by centri fugation before measurement.
RESULTS
Instability of Mitochondrially Encoded Cox II and Cox III in a Cox IV-Deficient Strain-We first examined the stability of the mitochondrially encoded subunits of cyto chrome c oxidase in vivo by means of pulse-chase experi ments. Mitochondrial translation products were specifically labeled with [35S]methionine in the presence of cyclohex imide, which inhibits cytosolic polypeptide synthesis but not mitochondrial synthesis, and chased with an excess of non-isotopic methionine for up to 1 h. Cox II in WD 1 cells was apparently reduced to about 20% after a 60 min chase, while about 70% of that in DL 1 cells still remained. The apparent half-life of Cox II was about 30 min in WD 1 (Fig.  1B) . Though Cox III and F,,F,-ATPase subunit 6 co migrated in the gel system which we employed, the corre sponding band also decreased to 10% of the initial intensity after a 60 min chase in WD 1 strain. In order to examine the stability of Cox III alone, we further analyzed the radio labeled mitochondrial translation products by immuno precipitating Cox III with rabbit anti-Cox III polyclonal antiserum (Fig. 2) . The half-life of Cox III in WD 1 was estimated to be about 20 min, while in DL 1 cells 75% of the initial amount of this subunit still remained after chase for 1 h. In contrast, Cox I was very stable in the presence or absence of Cox IV (Fig. 1A) . Further, varl and apo cytochrome b were only slightly degraded and no significant difference between the degradation rates of DL 1 and WD 1 was observed (Fig. 1A) .
Effects of Treatments Reducing Intramitochondrial A TP Level-It has been reported that isolated mitochondria are capable of degrading translation products in an ATP-depen dent way (6, 7) . Thus, we tried to examine the possibility of an ATP requirement for the degradation of unassembled Cox II and Cox III in WD 1 cells. As it was not possible to examine the effects of ATP directly in our whole-cell experimental system because of the difficulty of eliminat ing the effect of endogenous ATP and of the impermeability (A) WD 1 cells were pulse-chased and analyzed as in Fig. 1 except that chasing was carried out in a medium (0.1% yeast extract, SFS, 10 mM cold methionine, 10 mM cysteine, and 10 mg/ml Na2SO4) containing 2% glucose, no glucose, or 2% glucose plus 2% 2-deoxy-n-glucose. (B) Radioactivity of Cox II (left) and Cox III/ATPase subunit 6 (right) was determined as in Fig. 1 of the cell membrane to ATP, ATP-dependence was as sessed by the use of several treatments which are expect ed to reduce intramitochondrial ATP concentration in re spiratory-defective Cox IV-deficient WD 1 cells. The mito chondria of WD 1 are incapable of synthesizing ATP be cause they do not have active cytochrome c oxidase required for respiratory-dependent ATP synthesis. Thus, all of the intramitochondrial ATP should be supplied from cytosol, where ATP is generated through the glycolytic pathway. So, it is expected that a decrease in cytosolic ATP uia inhibition of glycolysis would result in a decrease in intra mitochondrial ATP concentration, and, if the degradation system is ATP-dependent, the degradation should be inhibited by such treatments. Either addition of 2-deoxy D-glucose, a competitive inhibitor of the glycolysis path way, in addition to glucose, or, depletion of glucose in the medium during the chase is expected to decrease the generation of ATP by inhibiting the glycolytic pathway. Thus, we examined the effects of those treatments on the degradation.
First, we examined whether those treatments could reduce the intracellular ATP level. As shown in Fig.  3C , in the presence of glucose, ATP level per cellular proteins increased sharply and remained high for 1 h. On the other hand, when 2-deoxy-D-glucose co-existed or the medium was depleted of glucose, such an increase did not occur and ATP levels remained low during the incubation. So, such treatments can keep the intracellular ATP level low during the chase relative to that without the treat ments. Using the same experimental conditions as above, we examined the stability of the mitochondrial translation products by pulse-chase experiments. As shown in Fig. 3 , A and B, 50% of the radioactivity of Cox II and 20 to 30% of that of Cox III/F,,F,-ATPase subunit 6 remained after 1 h of chase in the presence of either of the above treatments, while in the control experiment without such treatments, only 15 and 2% of the initial radioactivity was detected, respectively. Second, to eliminate the possibility that decrease of the intracellular level of a metabolic product of the glycolytic pathway other than ATP is responsible for the suppression of the degradation in the above experiments and to confirm that mitochondrial ATP, not cytosolic ATP, is required for the degradation, the effect of bongkrekic acid was also examined. This reagent is known to inhibit specifically the mitochondrial ATP-ADP exchanger which is required for the transport of ATP across the inner membrane of mitochondria. So, it is expected that in the presence of this reagent cytosolically synthesized ATP, the sole source of ATP in respiratory-deficient cells such as WD 1, cannot enter the mitochondria and, consequently, those cells become depleted of intramitochondrial ATP (18) . As shown in Fig. 4 , degradation of Cox II during 1 h of chase was suppressed from 87 to 49% when bongkrekic acid (75 pM) was present during the chase. Similarly, degradation of Cox III/FY, -ATPase subunit 6 during 1 h was sup pressed from 86 to 56%.
Effects of o-Phenanthroline, a Divalent Metal Ion Che lator-The effects of divalent metal ions on the degradation of unassembled Cox II and Cox III/F0F,-ATPase subunit 6 were investigated. o-Phenanthroline was used for chelating divalent metal ions because of its membrane-permeable nature. As shown in Fig. 5 , o-phenanthroline caused almost complete inhibition of the degradation of both Cox II and Cox HI/FY,-ATPase subunit 6 during chase. It is known that yeast cells possess transport machinery for divalent metal ions such as Mn2+ Cot+, Zn2+ Mg", or Ca" (23) . So, we examined the effects of the addition of a 10-fold molar excess of either of those metal ions on the inhibition of the degradation by o-phenanthroline. When either Mn2+ Cot+, or Zn2+ was added after 5 min incubation in the presence of the chelator, the inhibitory effect of o-phenanthroline was suppressed (Fig. 5, A and B) . In contrast, addition of an excess of either Ca" or Mg" was not effective. DISCUSSION Dowhan et al. showed, by examining the sedimentation patterns of the subunits of cytochrome c oxidase in a sucrose density gradient in the presence of a weak deter gent, that in the mitochondria of Cox IV-deficient WD 1 cells, other remaining subunits of this enzyme including mitochondrial-encoded Cox II and Cox III cannot assemble normally (13) . They also showed that the level of each subunit per mitochondrial proteins in the Cox IV-deficient cell is severely reduced, suggesting that either the synthe sis or the stability, or both, of those subunits are reduced. Considering that this strain would be useful for analyzing the degradation of unassembled subunits in mitochondria, as a first step, we examined the stability of the mitochon drial translation products. In this report we have shown, by and divalent metal ions. Cells were pulse-labeled and chased at 30°C as in Fig. 1 except that the samples were incubated for 5 min on ice in the presence (+) or absence (-) of 2.5 mM o-phenanthroline, and, subsequently, they were supplemented with the indicated divalent metal ions to a final concentration of 10 mM prior to chasing. Experiments A and B were separately performed. means of pulse-chase experiments, that depletion of Cox IV causes drastic destabilization of unassembled subunits in vivo, implying that Cox II and Cox III in unassembled form are preferentially degraded by mitochondria.
The existence of mitochondrial degrading activity for its translation products has been observed in isolated mito chondria by measuring the release of TCA-soluble radio activity after mitochondrial translation products were specifically radio-labeled (6, 7). However, in these studies, degradation of each translation product was not distin guished. Moreover, it seems difficult to assess the state of assembly of the degraded products using those experimen tal systems. In this study, using Cox IV-deficient WD 1 in which other subunits of cytochrome c oxidase could not assemble normally, we found first that unassembled Cox II and Cox III are degraded preferentially by the mitochon drial protein degradation system. So, this should be a good model system for analyzing the degradation of unassem bled subunits in mitochondria. Also, the instability of unassembled Cox II and Cox III in WD 1 may explain, at least partially, the reduced intramitochondrial levels of those subunits in WD 1 cells (13) , though decreased synthesis rates, as suggested by the less intense bands observed for Cox II and Cox III in the fluorography for WD 1 cells (see Fig. 1 ), may also contribute.
Another finding through pulse-chase experiments is that Cox I, which also can not be assembled into the mature complex in WD 1, is relatively stable with a half-life of longer than 1 h in both wild-type and Cox IV-deficient cells.
This stability is not intrinsic to Cox I because it has been reported that this subunit is unstable in a mutant (19) . Probably, formation of a complex with subunit(s) other than Cox IV, or some post-translational modification of this subunit before complex formation with Cox IV is sufficient to stabilize Cox I.
It has been reported that isolated mitochondria from yeast and rat liver possess ATP-dependent proteolytic activities for mitochondrial translation products (6, 7) . In addition, ATP-dependent proteases have been purified from mammalian (8, 20) and yeast (10) mitochondrial matrix fractions using exogenous proteinous substrates. So, it is of interest to examine whether the degradation of unassembled Cox II and Cox III observed in Cox IV deficient WD 1 cells is also ATP-dependent or not. Though the use of isolated mitochondria as reported previously for wild-type yeast cells, rat liver and bovine adrenal cortex would be suitable for such analysis, isolated mitochondria from Cox IV-deficient WD 1 cells incorporated radio-label ed amino acid only very poorly, so that they could not be used for such experiments. Thus, in order to assess this point, we examined the effects of several treatments which are expected to reduce intramitochondrial ATP level. Our results indicate that both inhibition of the cytosolic glycoly sis pathway by 2-deoxy-D-glucose or glucose depletion from the medium and inhibition of the mitochondrial ATP-ADP exchanger by bongkrekic acid, both of which are expected to deplete intramitochondrial ATP in respiratory-defective cells, significantly suppressed the degradation of unassem bled Cox II and Cox III in WD 1. These results strongly suggest that intramitochondrial ATP is also required for this degradation.
Next, we showed that the degradation was inhibited by o-phenanthroline and that excessive Co", Mn2+, or Zn2+, but not Ca" or Mg", was effective for recovery from this inhibition (Fig. 5) . This metal dependence is very similar to that for the mitochondria) processing protease which is required for removing the N-terminal presequence from a precursor of a mitochondrial protein encoded by nuclear DNA (21) . However, involvement of the processing pro tease in the degradation of unassembled Cox II and Cox III is unlikely because the processing protease is known to be highly specific for the mitochondrial precursor proteins (22) . Though metal dependence of the proteolytic activities of isolated mitochondria for its translation products has not been reported, the ATP-dependent matrix protease puri fied from rat liver mitochondria is reported to be sensitive to EDTA, and, moreover, Mg" is known to be effective for recovery from this inhibition (8) , but the effect of o-phe nanthroline on its activity has not been reported, nor has that of Cot+, Mn2+, or Zn2+. In this study, we first showed that at least some of the mitochondrial metabolic protein degradation requires a metal ion(s) other than Mg". From our experiments it is not possible to identify the physiologi cally required metal ion, or to establish whether a protease with such metal dependence is directly involved in the degradation of unassembled Cox II and Cox III. However, our observations strongly suggest that some factor(s) other than the ATP-dependent matrix protease, which requires such metal ions, is involved directly or indirectly in the degradation of unassembled Cox II and Cox III. It may be a protease or other factors such as a regulatory factor for a protease, molecular chaperone or a factor modifying the substrates for degradation.
In summary, we nave snown, using a wuuie-cell sysi,eiii vi a Cox IV-deficient WD 1 strain, that unassembled Cox II and Cox III are degraded rapidly. Moreover, further characterizations of this proteolytic activity indicated that it is most likely ATP-dependent and it has a novel metal ion dependence not observed previously in mitochondrial metabolic protein degradation systems. Though use of Cox IV-deficient WD 1 may not to be advantageous for bio chemical analysis because mitochondria from this strain incorporate radiolabeled amino acids only very poorly, it has some advantageous features for further analyzing the protein degradation of unassembled subunits in mitochon dria. First, as reported previously (13), Cox II and Cox III cannot assemble normally in this strain, which makes it possible to observe the degradation of unassembled sub units exclusively, whereas in other previously reported systems it is difficult to assess whether the substrate proteins are in assembled form or not. becona, as a consequence of the absence of maturely assembled Cox II and Cox III, which are rather stable as suggested by the long half-lives of Cox II and Cox III in DL 1, in which normal assembly of those subunits takes place, steady-state levels of Cox II and Cox III are very low in WD 1 (13, T.N., unpublished results). This makes it easier to detect mutants accumulating those subunits due to the defect of their degradation. Recent studies of intracellular protein degradation systems have revealed that very complex sets of factors, including not only protease and its regulator, but also physical or chemical modifiers of substrates such as the ubiquitin-conjugating system and molecular chaperones, could be involved. We started to identify such factors by genetical approaches taking advantage of this Cox IV deficient yeast strain. We have also isolated some mutants accumulating Cox II and characterization of them is in progress. We believe that such approaches will enable us to obtain more information about the mitochondrial degrada tion system for unassembled subunits.
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